We developed a biomechanical model of load transfer by the sacroiliac joints in relation to posture. A description is given of two ways in which the transfer of lumbar load to the pelvis in a stooped posture can take place. One way concerns ligament and muscle forces that act on the sacrum, raising the tendency of the sacrum to flex in relation to the hip bones. The other refers to ligament and muscle forces acting on the iliac crests, raising the tendency of the sacrum to shift in caudal direction in relation to the hip bones. Both loading modes deal with the self-bracing mechanism that comes into action to prevent shear in the sacroiliac joints.
Summary
We developed a biomechanical model of load transfer by the sacroiliac joints in relation to posture. A description is given of two ways in which the transfer of lumbar load to the pelvis in a stooped posture can take place. One way concerns ligament and muscle forces that act on the sacrum, raising the tendency of the sacrum to flex in relation to the hip bones. The other refers to ligament and muscle forces acting on the iliac crests, raising the tendency of the sacrum to shift in caudal direction in relation to the hip bones. Both loading modes deal with the self-bracing mechanism that comes into action to prevent shear in the sacroiliac joints.
When a person is lifting a load while in a stooped posture, the force raised by gravity acting in a plane perpendicular to the spine and the sacrum becomes of interest. In this situation a belt such as used by weight lifters may contribute to the stability of the sacroiliac joints. Verification of the biomechanical model is based on anatomical studies and on load application to human specimens. Magnetic resonance imaging pictures have been taken to verify geometry in vivo.
Relevance
When performing a lifting task, muscle groups must act in concert. This pattern of muscle activities could contribute to the stability of the sacroiliac joints. Insight into these interrelations may supplement training programmes for muscle strength and coordination in the prevention and treatment of low back injuries.
Introduction
The largest muscles of the human body attach to the pelvis, resulting in considerable load transfer. In principle every force generated by back muscles that acts directly or indirectly on the spine and on the iliac bones contributes to the load to be transferred by the sacroiliac (SI) joints.
The following discussion will be restricted to @ 1993 Butterworth-Heinemann Ltd 026%00331931060295-07 strenuous exertions which may bc expected when a subject is lifting a load while in a forward bent posture. For stooped postures large intradiscal pressures in the lumbar area are reported'. Sophisticated models have been developed to estimate the forces in the spine and in the muscles of the trunk which are active in different postures2-4. The concept of load transfer by the thoracolumbar fascia was introduced'; this fascia has a large lever arm with respect to the spine, resulting in lower calculated values of disc compression. Whereas the literature on the biomechanics of the thoracolumbar spine -including stress analysis' -has made great progress, little attention has been paid to the biomechanics of the pelvis. Studies of the pelvis that include forces are limited7.8 arid do not deal with problems of SI joint stability in relation to posture.
Therefore we have developed a biomechanical model of load transfer from the spine to the pelvis and legs when lifting in a stooped posture.
Posture and load on the sacrum

Forward bending
In part 1 of this article the load on the sacrum was assumed to be equal to the weight of the suprasacral part of the body. However, due to muscle forces the corresponding SI joint reaction forces become much larger. In a forward bent posture the centre of gravity of the whole body is situated above the feet (see Figure lb) . To estimate the magnitude of the forces in the back, a cross-section is made in the lumbar area for the construction of a free-body diagram of the upper part of the body (Figure la) . The weight of the part of the body above the cross-section is Fg with its point of application near the armpit'. Equilibrium of forces in the vertical direction is obtained by the reaction force Frg in the spine which is equal in magnitude to Fg. Both forces form a couple which acts clockwise with a moment FKa. To obtain equilibrium of moments, the resultant back muscle force (F,) and its reaction force in the spine (F,) form an anticlockwise moment with lever arm b. This simplified model is often used'0-'2 to elucidate the heavy load on the lumbar spine which is the consequence of the large ratio a/b in a forward bent position. In this study we consistently draw the forces from muscles, ligaments and gravity (Fi) together with their reaction forces (F,) in the respective joint. This yields a configuration of couples of forces giving a clear distinction of each contribution to joint load. Moreover, in the free-body diagrams the contribution of moments in cross-sections due to deformation is not included for ease of survey (intrinsic joint stability). The free-body diagram of the upper part of the body is the first step leading to the analysis of the equilibrium of the part of the body below the lower lumbar cross-section (Figure la) . So in this example, the load on the sacrum will be approximately five times the weight of the upper part of the body.
A free-body diagram of the pelvis (Figure 2a ) can be based on cross-sections at the lower lumbar level (see Figure la ) and at the hip joint. To reach an equilibrium of moments the action of muscles (Fh) at the dorsal side of the upper leg (gluteus maximus muscles, hamstrings) is required. Figure 2b and c give a schematic representation of the equilibrium of the sacrum. First the weight of the upper part of the body (F,) is carried by the SI joints (F,). Next the resultant back muscle force F, will be split into two parts. One part of this bifurcation refers to the forces acting on the sacrum, the other part to the forces acting on the iliac crests. In Figure 2b a large moment of force will be the result of the tensile force from the back muscles (part of erector spinae) which are attached to the sacrum (F,) and its reaction force on the sacrum (F,,). Because F, and F,, are equal and have opposite directions, the SI joint does not 'feel' both. In this free-body diagram of the sacrum, equilibrium of moments requires filling in of a counterclockwise moment of force. This leads to the introduction of the force FI from the sacrotuberous ligament and sacrospinous ligament and its reaction force Frl in the SI joint. Because these ligaments are attached to the ilium, their tension will counteract flexion of the sacrum with respect to the pelvic ring. This mechanism becomes particularly interesting when we study the simultaneous action of the biceps femoris muscles in Figure 2a .
In an anatomical study13 it was demonstrated that in certain individuals the biceps femoris muscles are directly connected with the sacrotuberous ligament, which enables them to support the equilibrium according to Figure 2b . Even without clear tendon connections, force transfer between the biceps femoris muscles and sacrotuberous ligaments occurred, probably due to fascial connections. In addition, the pelvis-leg flexion angle influences the amount of force transfer between ligament and tendon. Fibres from the thoracolumbar fascia that are attached to the sacrum are also connected with the sacrotuberous ligaments. This means that the tendency to flexion of the sacrum in relation to the hip bones can simultaneously be counteracted via the thoracolumbar fascia.
The free-body diagram of the sacrum will be completely different in the situation where back muscle forces (F,) are transferred to the iliac crests directly, or indirectly by means of the lumbar dorsal fascia. This would lead to Figure 2c , which shows disappearance of the moment with lever arm e produced by F, and Fre. Now, however, the SI joints must produce the reaction force F,,, which counteracts Fr,.
From the previous free-body diagrams it is attempted to isolate the different contributions to the complex loading situation. At present the contribution of each structure to the total load transfer is unknown, and these contributions will be different in different postures. Furthermore, it must be emphasized that accurate data about the geometry are not yet available. In Figure 2c , for example, the moments of force about the SI joint would be reduced by decreasing the lever arms u and q. Here it can be speculated that the moment F,,. u can become anticlockwise, especially with lumbar kyphosis.
Bifurcation of the resultant back muscle force
The model on the bifurcation, as introduced before, a b has far-reaching consequences for the understanding of load transfer by the SI joints. The co'nsequences can be summarized with the help of Figure 3 . The suprasacral muscles attached to the sacrum and tension in parts of the lumbodorsal fascia acting on the sacrum produce a moment of force about the SI joint, indicated with the curved arrow. This we call the M load. Muscle forces acting on the iliac crest directly, or indirectly via parts of the lumbodorsal fascia, produce a force axial to the sacrum. This we call the F load (Figure 3a) . Both loads have to be transferred by the SI joints, which is schematically illustrated in Figure 3b . In the case of the F load the advantageous provision of self-bracing exists, with reference to the model of the arch (Figure 4 in part 1). For the M load the equilibrium of moments relies among other things on the sacrotuberous and sacrospinal ligaments.
In Table 1 the possible contributions to the loading mode of the SI joints (action) as well as the possible contributions to the stability of the SI joint (reaction) are listed. To ensure SI joint stability, concerted action of all contributions is required.
Gravity
Load by gravity (Fg and F,,) is present in every cross- section (Figures 1 and 2) , and contributes to both the F load and the M load. The force generated by gravity can be resolved in a component in longitudinal direction of the spine and sacrum, and one perpendicular to it. The latter becomes of special interest when lifting in a stooped posture (Figure 4) . The total weight of a lifted object and the upper part of the body (F& can be considerable, and is directed perpendicular to the longitudinal axis of the sacrum. A self-bracing effect analogous to Figure 4 in part 1 would be helpful to warrant SI joint stability. In this plane of loading, however, other structures must produce the ligament or muscle force (F,), which is a key point in the model. In this posture the additional force needed can be introduced by the action of the transverse and oblique abdominal muscles in particular.
Weight lifters often use a special belt. Its mechanism is explained by the extra support it gives to the back by enlarging intra-abdominal pressurer4,15. Often these belts are dorsally wide, but narrow at the ventral side, and are put on forcefully around the cranial side of the iliac crests. We hypothesize that the belt can help self-bracing of the SI joint when used in a stooped posture. To further analyse the position of the belt in relation to the SI joint we have taken MRI pictures ( Figure 5 ). The magnetic resonance imaging (MRI) transverse slices of the SI joints at the cranial side ( Figure 5a ) and at the caudal side (Figure 5b) show different wedge angles. The wedge at the caudal side is ventrally more open than at the cranial side. This illustrates that at the cranial side of the SI joint the wedge angle is more appropriate for the loading mode in Figure 4 . Therefore the bracing effect of a belt should be evoked in stooped postures at this level. Figures 5c and d show a cranial position of the belt (see arrows at the impressions from the belt). At a more cranial position the belt would slide from the iliac crests and would become slack.
Curl-up
To further illustrate the effect of posture on pelvic load, an abdominal muscle exercise is chosen. The free-body diagram of a seated person in Figure 6a shows that the seat supports the weight of the upper part of the body (F,) and the weight of the pelvis, the legs, and the force on the foot (Frh). Abdominal muscles must be active to keep the upper part of the body in position. As a consequence the pelvis is loaded by a couple formed by F, and its reaction force in the spine F,,. Equilibrium of moments requires a clockwise moment from muscles at the ventral side of the hip joint (couple formed by Fp and F,,) . In Figure 6b the free-body diagram of the sacrum is given schematically. It may be expected that exercises with the use of the greater psoas muscle involve greater SI joint forces, because its action can be compared with that of F,, in Figure 2c and will be added to F,,, in Figure 6b . The magnitude of the forces is highly dependent on the respective lever arms that determine the moments of force. Figure 6a . The use of the greater psoas muscle will contribute to F,,, which leads to a greater SI joint reaction force F,,,.
Discussion
It is known from the literature'," that substantial loads are imposed on the lumbar spine when lifting in a stooped posture. Little is known, however, about the transfer of those loads by the pelvis down to the legs. The focus of our research regards the SI joints in particular. They form discontinuities in large bony structures and are subjected to considerable forces, which emphasize the need of protection against dislocation. In part 1 of this article, we introduced concepts of mechanical principles that can produce the stability required. The second part of this article deals with SI joint loading modes in relation to posture. An M load and an F load were introduced. The M load refers to the forces from muscles that are attached to the sacrum directly or indirectly which produce a moment of force on the sacrum, revealing a tendency to flexion in relation to the hip bones. l-he F load is the summation of the muscle forces that act on the iliac crests directly, or indirectly by the respective part of the lumbodorsal fascia. The F loading mode may be appropriate for the transfer of large loads, because the SI joints can sustain this load with the help of the self-bracing effect of the arch (see part l), which especially protects against shear. The implementation of the lumbodorsal fascia in the process of heavy lifting has been mentioned as highly effective for other reasons as we115. Part of the lumbodorsal fascia can contribute to the F load since this part clearly splits from the spine and remains loose from the sacrum. In anatomical preparations it was shown that between L5 and Si and above the sacrum the fibres of both laminas of the deep fascia cross the midline; they are not attached to the spinous processes nor interspinous ligaments. In some individuals this crossing can even be seen between L4 and L5. This configuration also implies the possibility of, for example, the coupling action of the latissimus dorsi muscle to the action of the heterolateral gluteus maximus muscle.
When the body is in a forward bent posture, the sacrum assumes a more or less horizontal position, and the vertical force from the upper part of the body and the lifted object acts almost perpendicular to the longitudinal axis of the sacrum. This raises the question of whether an effective self-bracing effect can come into action in this plane as well. The contribution required to self-bracing can be expected from the oblique and transverse abdominal muscles. This idea is supported by the observation16 that the forces in the direction of the internal and external oblique abdominal muscles, which were manually applied on the anterior superior iliac spines of anatomical preparations, resulted in a close packed position of the SI joints.
The concerted action of muscle groups necessary to perform lifting and trunk flexion/extension tasks is described in the literature.
In a recent electromyographic study of the erector spinae, latissimus dorsi, and gluteus maximus during isokinetic lifting experiments, gluteus activity was found to run parallel to latissimus and erector activity".
Furthermore, simultaneous acting of erector spinae, hamstrings, and gluteus during trunk bending movements from a standing position has been observed as well as a tendency of the obliquus internus to be active during both trunk flexion and extension19,*'. These reports on simultaneous activity of hamstrings, gluteus, erector spinae, and abdominal muscles support the concepts in this article, which were developed for the explanation of SI joint stability under load.
Conclusions
In addition to the biomechanical model in part 1 we can summarize the following conclusions:
??Analysis of loading modes of the SI joint reveals participation of all the muscles that act on the lumbar spine directly or indirectly. ??A bifurcation in the transfer of the resultant back muscle force to the pelvis occurs. This results in two loading modes of the sacrum, which we call the M load and the F load. ??The M load refers to the moment of force about the SI joints produced by the back muscles that partially have an attachment to the sacrum (erector spinae). This can cause a tendency to flexion of the sacrum in relation to the hip bones, which can be counteracted by the dorsal and interosseous sacroiliac, sacrotuberous, and sacrospinal ligaments. The slightly twisted shape of the SI joint surfaces, resembling the blade of a propeller, can counteract flexion as well, provided the surfaces are pressed together. ??The F load is the summation of the forces of the muscles acting on the iliac bones directly, or indirectly via the lumbodorsal fascia. The F load, acting in an axial direction to the sacrum, anticipates self-bracing according to the model of the pelvic arch. It was determined that part of the lumbodorsal fascia can contribute to the F load, because this structure clearly splits from the spine and remains loose from the sacrum. ??The larger psoas muscle can also be part of the F load, which follows from a model of an abdominal muscle exercise. ??In a forward bent position the pelvis and consequently the sacrum assume a more or less horizontal position. Therefore, stability of the SI joints requires a self-bracing mechanism in another plane as well. This plane is oriented transverse to the pelvis. We hypothesize that the transverse and oblique abdominal muscles have the proper direction to produce the additional force needed in stooped postures. ??The model on self-bracing can also account for the beneficial effect of the special belts used by weight lifters.
